Wingless is a key morphogen in Drosophila. Although it is evident that Wingless acts at a distance from its site of synthesis, there is considerable debate about how the protein travels across a field of cells. Recent studies have provided important new insights into this process, though the issue is still far from being resolved. The wingless/Wnt genes encode secreted glycoproteins that regulate cell fates in many developmental processes [1] . In Drosophila, Wingless has been shown to act both as a short-range inducer and as a long-range morphogen (Figure 1) . A short-range effect is seen in the embryo, where Wingless maintains the expression of engrailed in adjacent cells. A longer-range function of Wingless in the embryo is to specify the type of cuticular structures formed by epidermal cells, which requires signalling across several cell diameters. In wing imaginal discs, the range of Wingless is further extended and its effects on wing patterning can be detected over a distance of 20-30 cell diameters from its site of synthesis. Similar ranges of activity are observed in other imaginal discs.
The wingless/Wnt genes encode secreted glycoproteins that regulate cell fates in many developmental processes [1] . In Drosophila, Wingless has been shown to act both as a short-range inducer and as a long-range morphogen ( Figure 1) . A short-range effect is seen in the embryo, where Wingless maintains the expression of engrailed in adjacent cells. A longer-range function of Wingless in the embryo is to specify the type of cuticular structures formed by epidermal cells, which requires signalling across several cell diameters. In wing imaginal discs, the range of Wingless is further extended and its effects on wing patterning can be detected over a distance of 20-30 cell diameters from its site of synthesis. Similar ranges of activity are observed in other imaginal discs.
The mechanism through which Wingless reaches its target cells has been unclear, with evidence for both restricted diffusion and active intracellular transport [2] [3] [4] . Two recent studies, reported in this issue of Current Biology [5, 6] , have added to this debate. Strigini and Cohen [5] have shown that, in the wing imaginal disc, there is a basally-located gradient of extracellular Wingless that is most likely associated with the extracellular matrix. Pfeiffer et al. [6] have identified a new method of Wingless transport that involves cell proliferation and movement. We shall discuss the three main methods proposed for Wingless travel -restricted diffusion, cell delivery and planar transcytosis -in the light of these studies.
Restricted diffusion of Wingless
In the wing imaginal disc, wingless is expressed in a narrow stripe of cells along the dorsal-ventral boundary, and the Wingless protein moves away from here to pattern cells in the dorsal and ventral compartments. This can be inferred from the ability of Wingless to induce the expression of target genes in a concentration-dependent manner [7] . Targets that require higher levels of Wingless signalling, such as Distal-less, are expressed in a narrow domain flanking the dorsal-ventral boundary, whereas targets requiring lower levels of signalling, such as optomotor blind, are expressed in a much broader domain (Figure 1 ). When a membrane-tethered form of Wingless is misexpressed, the expression of target genes is only induced in the immediately adjacent cells, and not in more distant cells, confirming that the normal range of induction requires Wingless movement [7] .
Past attempts to visualise the spread of Wingless protein managed to detect low levels present in vesicles at some distance from the site of synthesis [8] . But this vesicular staining does not have a graded distribution that correlates with Wingless activity across the wing-field. By adopting a methodology used for antibody-labelling of proteins in the extracellular matrix, Strigini and Cohen [5] have now been able to detect a graded distribution of Wingless in the wing imaginal disc. In their procedure, the imaginal discs are incubated with anti-Wingless antibody prior to fixation and permeabilisation so that only extracellular Wingless should be detected. Using this approach, they detected a broad gradient of extracellular Wingless protein that is concentrated at the basal surface of the epithelium (Figure 2 ).
To investigate whether the basal extracellular Wingless is likely to include the active protein, Strigini and Cohen [5] examined whether the protein binds to its receptor preferentially on the basal side of the cell. Ectopic expression of Frizzled-2, a Wingless receptor, resulted in an increased concentration of basally localised Wingless, even though the receptor itself is thought to be uniformly distributed throughout the cell. In fact the location of Wingless was similar to that observed when a glycosylphosphatidylinositol (GPI)-linked form of the Frizzled-2 ligand-binding domain was misexpressed. As GPI-linked proteins are thought to be primarily attached to the basal part of the cell, this reinforces the proposal that the binding to full-length Frizzled-2 also occurs mainly at the basal surface.
In tissue culture cells, Wingless protein is found tightly associated with cell membranes and the extracellular matrix, and so appears unlikely to diffuse freely away from its site of synthesis [9] . A more likely mechanism is restricted diffusion, whereby Wingless movement is aided and/or constrained by interactions with cell surface or matrix components. Dally is a GPI-linked proteoglycan that has been shown to interact genetically with Wingless signalling components [10, 11] . This proteoglycan is likely to be attached to the basal surface of the imaginal disc cell, because of its GPI-linkage; so by binding reversibly to Wingless, Dally could preferentially localise Wingless on the basal side of the disc epithelium. However, cells that lack Dally do not have an altered Wingless distribution, arguing that it is not a limiting factor in Wingless localisation [5] . Nevertheless, the basally localised Wingless suggests that it associates with some type of cell-surface or matrix component. This could constrain Wingless movement, so that it would directly follow the contours of the epithelium -an important factor in the imaginal discs where the epithelium is highly folded.
Cell delivery of Wingless
The epidermis of the Drosophila embryo has a segmentally repeating pattern of cuticular structures, such as the denticle belts on the ventral surface. Wingless is expressed in a one-cell-wide stripe towards the posterior of each segment in the embryo, where it is responsible for specifying naked cuticle in the adjacent four or five cells, and for the diversity of denticles in more anterior cells (Figure 1 ). In embryos that lack wingless there is a 'lawn of denticles', because no naked cuticle is formed and the denticles lose their diversity. The effects on structures throughout the segment demonstrate that Wingless can exert its effects several cells away from its site of synthesis.
Given the apparent actions of Wingless on distant cells, the observation by Pfeiffer et al. [6] that a membranetethered form of Wingless can rescue the cuticle patterning of wingless mutant embryos is totally unexpected. As the tethered Wingless was produced only in the normal wingless-expressing cells, the rescue suggests that there is a mechanism distinct from diffusion that enables the protein to reach targets several cell-diameters away. But it is difficult to envisage how a protein could reach distant targets without leaving the membrane, unless the cells are extending long cytoplasmic processes or are themselves moving within the plane of the epithelium. Cytoplasmic processes called 'cytonemes' that extend over many cell diameters have in fact recently been detected in the wing imaginal disc [12] . But these have not so far been detected in the embryo, and even in the disc they are oriented along the wrong axis for transporting Wingless.
One reason why there might be a movement of cellular constituents within the plane of the epithelium is if the cells are proliferating and their progeny spread preferentially along one axis. In the embryo, the progeny of wingless-expressing Dispatch R223
Figure 2
Restricted diffusion. In the wing disc, Wingless is expressed in a single-cell-wide stripe of cells along the dorsal-ventral boundary (red). A gradient of extracellular Wingless protein is detected along the basal surface of the disc (green). This suggests that Wingless protein diffuses away from its site of production along the dorsal-ventral axis, where it could activate short-range targets in a narrow domain (yellow) and long-range targets in a broader domain (pale blue). Proteoglycans (branched black lines) have been shown to interact with Wingless and may act to constrain the movement of Wingless to within the plane of the epithelium. cells would not be able to spread posteriorly because the close proximity of the compartment boundary would restrict movement in that direction. So the progeny of a single cell that arose in the wingless-expressing domain might spread anteriorly, carrying a tethered Wingless protein with it. To test this, Pfeiffer et al. [6] activated a caged fluorescent marker in single cells early in development. This gave rise to clones of cells which were indeed seen to spread anteriorly up to five cell diameters from their site of origin [6] (Figure 3) .
If the anterior movement of Wingless can indeed be explained by cell proliferation and movement, we would expect that these distant cells would carry Wingless in their secretory vesicles, even though they no longer contain wingless mRNA. A secreted form of the green fluorescent protein (GFP) was used to track the secretory vesicles, and found to colocalise with some of the punctate intracellular Wingless. This suggests that a significant portion of the intracellular Wingless is in secretory vesicles, and that Wingless is not necessarily rapidly secreted from the cell once produced. This would fit with the requirement for Porcupine, an endoplasmic reticulum localised protein that is needed for Wingless secretion [13] . There may even be mechanisms that help to regulate Wingless release, as in the Dispatched-mediated release of cholesterol-bound Hedgehog [14] .
It is unclear, however, whether movement of Wingless secreting cells is likely to be of significance in distributing the protein in other tissues. Possibly this type of movement could have an impact on the Wingless gradient in places close to the Wingless-synthesising cells. Might it also account for more long-range effects? Clones of wildtype cells in the wing are often oriented along the dorsal-ventral axis, which is consistent with them moving away from the Wingless-synthesising cells as they proliferate. As noted previously, however, the membrane-tethered Wingless only affects the adjacent one or two cells in imaginal discs [7] . Furthermore, following a temporary block to secretion, Wingless can be detected across many cell diameters in the wing disc after only 30 minutes recovery, demonstrating that rapid protein movement can occur even in the absence of cell proliferation [5] .
Planar transcytosis
A third model for Wingless movement proposes that Wingless is actively transported by planar transcytosis -that is, by vesicular transport through cells (Figure 4) . The evidence for this comes from several observations. First, certain Wingless mutations appear to interfere with transport rather than the capacity of the protein to signal. These mutants show a restricted range of Wingless protein distribution, although when over-produced the mutant proteins still retain the ability to elicit a response, for example influencing denticle diversity [15] . Second, the Drosophila dynamin Shibire appears to be involved in Wingless function. Dynamin is needed for clathrin-mediated endocytosis, and in shibire mutants the effects of Wingless are only detected in the wingless-expressing cells and those immediately adjacent, and not in distant cells as in wild-type flies [16] .
These observations have been extended in recent work in which a dominant-negative form of Shibire, Shi DN , was used to test the requirement for dynamin in specific domains of the Drosophila embryo [17] . When Shi DN was expressed in the embryonic epidermis, the level of vesicular Wingless was reduced and defects were seen in cells on the far side of the Shi DN domain, implying that there is less Wingless reaching the distant cells. These effects could be rescued by co-expressing Wingless with Shi DN . This suggests that the Wingless protein can still function in the context of the block in dynamin activity, although it is possible that any defects may be compensated by the higher amounts of proteins produced.
To investigate whether Shibire might be involved in generating the gradient of Wingless detected in the imaginal discs, Strigini and Cohen [5] examined whether the distribution of Wingless was altered in clones of shibire mutant cells. They found that extracellular Wingless was still present in the mutant territory, indeed if anything the levels appeared higher than in the surrounding wild-type tissue. There was, however, no vesicular Wingless within the mutant cells, although it could be detected in wildtype cells on the far-side of the mutant clone. This, along with the observation that there is no detectable extracellular Wingless when shibire activity is eliminated throughout the wing disc, led them to conclude that Shibire may be primarily required for secretion of Wingless.
Can the effects of Shibire on secretion explain the results with Shi DN in the embryo, as Shi DN would block the continued release of Wingless from cells that move away from the wingless-expressing domain? The approach used to evaluate the effects of Shi DN on Wingless production in the transcytosis experiments relied on over-expression in embryos where shibire function was only partially blocked [17] . It is possible, therefore, that the high levels of Wingless synthesised may have been sufficient to overcome a reduced secretory capability of the Shi DN cells. In addition, one of the strong arguments in favour of the transcytosis model was the defects in denticle patterning on the anterior side of the domain where Shibire was perturbed. But recent data indicate that the effects of Wingless on denticle patterning may be indirect, caused by its effects on genes like Serrate that specify different domains within the denticle producing cells [18] . This means that the perturbations in denticle patterning in the Shi DN -producing embryos do not necessarily reflect direct action of Wingless on the distant cells.
The presence of Wingless in secretory vesicles in the embryo also explains some of the punctate Wingless staining detected [6] . Not all the Wingless vesicles colocalised with the marker for secretory vesicles, however, indicating that some of the intracellular protein may be in endocytic vesicles too. This is also the interpretation in the imaginal disc, where punctate staining is detected on the far-side of shibire mutant cells, and is taken to indicate endocytosis of Wingless protein that has traversed the shibire clone [5] . There was no assessment of Wingless function in association with these clones, however, so the interpretations must remain speculative until this is analysed more fully.
How does Wingless move?
Can we come to a clear resolution about how Wingless moves? Not yet, it seems. The observations about the proliferation and movement of cells in the embryo are certainly compelling. If Wingless secretion indeed requires shibire, these observations could account for the effects attributed to transcytosis, although there is nothing to rule the latter out. The gradient of extracellular Wingless along the basal surface of the imaginal disc epithelium is compatible with diffusion, and certainly the rapid spread of Wingless through the disc when the shibire block is lifted indicates quite rapid movement.
The question of whether this movement and basal location requires proteoglycans or other matrix components is intriguing. If carbohydrates are critical in this process it may be difficult to find all the answers through the usual genetic approaches, although the isolation of several enzymes essential for specific glycosylation events in genetic screens is encouraging [11, 19] . Finally, if diffusion occurs readily in the disc, why does the protein not travel as far in the embryo? The evidence already suggests that there is even an asymmetry in the distance over which Wingless can act in the embryo [20] . What underlies the different distribution of the Wingless protein in different tissues and at different developmental stages?
